was interrogated in Trypanosoma brucei. In this protist, LRRC56 is recruited to the 48 cilium during axoneme construction, where it co-localises with IFT trains and facilitates 49 the addition of dynein arms to the distal end of the flagellum. In T. brucei carrying 50 LRRC56 null mutations, or a mutation (p.Leu259Pro) corresponding to the p.Leu140Pro 51 variant seen in one of the affected families, we observed abnormal ciliary beat patterns 52 and an absence of outer dynein arms restricted to the distal portion of the axoneme. 53
Together, our findings confirm that deleterious variants in LRRC56 result in a human 54 disease, and suggest this protein has a likely role in dynein transport during cilia 55 assembly that is evolutionarily important for cilia motility. 56 microtubules surrounded by 9 peripheral doublets. Connected to each doublet of 81 peripheral microtubules is an inner and outer dynein arm, consisting of multiple dynein 82 chains that provide ATPase-mediated energy for movement 1 . Dynein arms are 83 preassembled in the cytosol and are transported to an assembly site at the distal end of 84 the growing axoneme. This requires intraflagellar transport (IFT) 5,6 7 , an evolutionary 85 conserved bidirectional transport system that delivers axoneme building blocks 8 , 9 such 86 as tubulin, to the flagellar tip 10 . 87 88 Here, we report biallelic variants in LRRC56 in patients with bronchiectasis and 89 laterality defects, and show human LRRC56 interacts with the IFT subunit, IFT88. 90
Functional studies using Trypanosoma brucei reveal that LRCC56 is recruited during 91 axoneme construction, associates with IFT trains, and is required for the addition of 92 dynein arms to the distal segment of the flagellum. Our findings add LRRC56 to an 93 expanding list of genes whose disruption results in an atypical ciliary phenotype and 94 reveal a mechanism whereby disruption of LRRC56 leads to defective IFT-dependent 95 targeting of dynein to cilia, and loss of ciliary motility. 96
MATERIAL AND METHODS 97

Subject evaluation 98
Two unrelated families were independently ascertained with features suggestive of a 99 ciliopathy ( Figure 1A ). Family 1 consisted of a single affected female with PCD, whose 100 parents are first cousins of UK Pakistani ethnicity. She presented with chronic chest 101 infections; nasal biopsy was obtained and respiratory epithelial cultures prepared. Bioinformatic data processing was performed as previously described, with all variants 120 being reported against human reference genome build hg19 11, 12 . Genomic regions 121 corresponding to runs of autozygosity were identified from pipeline-produced variant 122 call format (VCF) files using the tool AgileMultiIdeogram (see Web Resources). These 123 were subsequently used to filter Alamut Batch-annotated variant reports. Additional 124 filtering criteria included the exclusion of common variants (those with a minor allele 125 frequency ≥1%) represented in the NHLBI Exome Variant Server (EVS) or an in-house 126 cohort of >1,500 control exomes and the exclusion of genes with biallelic functional 127 variants reported to the Exome Aggregation Consortium (ExAC). Pathogenic variants 128 and segregation in the families were confirmed using Sanger sequencing with an 129
ABI3130xl. Primer sequences and thermocycling conditions are available upon request. 130
131
RNA splicing assay 132
Total RNA was extracted from peripheral blood of the affected proband in Family 1 133 using the QIAamp RNA blood mini kit (Qiagen). A gene-specific primer spanning the 134 boundary of LRRC56 exons 10 and 11 (NM_198075.3) (dCTTGGCCAGCACCATGGGTGAG) 135 was used to perform first-strand cDNA synthesis with a SuperScript TM II RT kit (Life 136 Technologies). Two PCR amplicons were generated from the resulting cDNA using an 137 exon 6 forward primer (dCAACCTGGACCAACTGAAGC) combined with either an exon 8 138 (dCCTCCAGGGTGAGCATGG) or exon 10 (dCCAGGTCCTCAGAAAGCAGG) reverse primer. 139
PCR products were used to create Illumina-compatible sequencing libraries with 140
NEBNext ® Ultra TM reagents (New England Biolabs) and sequenced on an Illumina MiSeq 141 using a paired-end 150bp read length configuration. 142 143
Co-IP experiments 144
Human LRRC56 was amplified from an untagged image clone (SC123392, Origene 145 Technologies), inserted into the pDONR201 Gateway cloning vector (Invitrogen) and 146 subsequently pDEST40 destination vector according to the manufacturer's instructions. 147
The human IFT88-eYFP construct was provided by Professor Colin Johnson 13 . Both 148 plasmids were sequenced and maxi-prepped prior to transfection. HEK293 cells were 149 co-transfected with 1.5µg of each plasmid using Lipofectamine 2000 (Invitrogen). Cells 150 were lysed 48 h post transfection,using NP40 cell lysis buffer, containing 1x protease 151 and phosphatase inhibitors, and protein extracted as per standard protocols. were blotted using mouse anti-V5 (Invitrogen, 1/2,000) or mouse anti-GFP (Invitrogen, 156 1/1,000). A secondary goat anti-mouse HRP (Dako) was used at 1/10,000 and detected 157 using the SuperSignal West Femto kit (Thermo Fisher Scientific). 158 159
Ciliary function measurements 160
In IV:1, Family 1, ciliary beat frequency (CBF) was measured using a digital high-speed 161 video imaging system, as described previously 14, 15 . Ciliary beat pattern was investigated 162 in three different planes: a sideways profile, beating directly toward the observer and 163 from directly above. Dyskinesia was defined as an abnormal beat pattern that included 164 reduced beat amplitude, stiff beat pattern, flickering motion or a twitching motion. 165
Ciliary beat pattern is associated with specific ultrastructural defects in primary ciliary 166 dyskinesia. Dyskinesia index was calculated as the percentage of dyskinetic cilia within 167 the sample (number of dyskinetic readings/total number of readings for sample ×100). 168
All measurements were taken with the solution temperature between 36.5 and 37.5° C 169 and the pH between 7.35 and 7.45. Normal ranges for CBF and percentage dyskinetic 170 cells are 8-17Hz and 4-49% respectively as previously reported 16 . 171
Air liquid interface cell culture 173
The modified method we used has previously been described 17 . Briefly, nasal brush 174 biopsy samples were grown on collagen (0.1%, Vitrogen, Netherlands) coated tissue 175 culture trays (12 well) in Bronchial Epithelial Growth Media (BEGM, Lonza, USA) for 2-7 176 days. The confluent unciliated basal cells were expanded into collagen-coated 80 cm 2 177 flasks and the BEGM was replaced every 2-3 days. The basal cells were then seeded at 178 approximately 1-3 x 10 5 cells per cm 2 on a collagen coated 12mm diameter transwell 179 clear insert (Costar, Corning, USA) under BEGM for 2 days. After confluency, the basal 180 cell monolayer was fed on the basolateral side only with ALI-media (50% BEGM and 181 50% Hi-glucose minimal essential medium containing 100 nM retinoic acid). The media 182 was exchanged every 2-3 days and the apical surface liquid was removed by gentle 183 washing with phosphate buffered saline when required. When cilia were observed on 184 the cultures they were physically removed from the transwell insert by gentle scraping 185 with a spatula and washing with 1ml of HEPES (20 mM) buffered medium 199 186 containing penicillin (50 µg/ml), streptomycin (50 µg/ml) and Fungizone (1 µg/ml). 187
The recovered ciliated epithelium was then dissociated by gentle pipetting and 100µl of 188 the cell suspension was examined inside a chamber slide and ciliary beat frequency and 189 pattern assessed as described above 14, 15 . The remaining 900 µl was fixed in 4% 
Expression of endogenous LRRC56 fused to YFP 219
Endogenous tagging of the T. brucei LRRC56 gene was carried out by direct integration 220 in the LRRC56 gene using the p2675LRRC56 plasmid. This vector is derived from the 221 p2675 plasmid and contains a 1495bp fragment of the trypanosome LRRC56 gene 222 sequence (1-1495) downstream of the YFP gene 26 . Transfection was achieved by 223 nucleofection of T. brucei cells using program X-0014 of the AMAXA Nucleofector® 224 apparatus (Lonza) as previously described 27 , with 10 µg plasmid linearized with AfeI in 225 the target LRRC56 gene sequence, for homologous recombination with the target allele. 226
The mutant allele was obtained following T776/C base substitution (Genecust Europe, 
Indirect immunofluorescence assay (IFA) 269
Cultured trypanosomes were washed twice in SDM79 medium without serum and 270 spread directly on poly-L-lysine coated slides (Thermoscientific, Menzel-Gläser) before 271 fixation. For methanol fixation, cells were air-dried and fixed in methanol at -20°C for 5 272 min followed by a rehydration step in PBS for 15 min. For paraformaldehyde-methanol 273 fixation, cells were left for 10 min to settle on poly-L-lysine coated slides. Adhered cells 274 were washed briefly in PBS before being incubated for 5 min at room temperature with 275 a 4% PFA solution in PBS at pH 7 and fixed with methanol at -20°C for an additional 5 276 min followed by a rehydration step in PBS for 15 min. For immunodetection, slides were 277 incubated for 1 h at 37°C with the appropriate dilution of the first antibody in 0.1% BSA 278 in PBS; mAb25 recognises the axonemal protein TbSAXO1 33 ; a monoclonal antibody 279 against the IFT-B protein IFT172 21 , and a mouse polyclonal antiserum against DNAI1 23 . 280 YFP::LRRC56 was observed upon fixation by immunofluorescence using a 1:500 281 dilution of a rabbit anti-GFP antibody that detects YFP (Life Technologies). After several 282 5 min washes in PBS, species and subclass-specific secondary antibodies coupled to the 283 appropriate fluorochrome (Alexa 488, Cy3 or Cy5, Jackson ImmunoResearch) were 284 diluted 1/400 in PBS containing 0.1% BSA and were applied for 1 h at 37°C. After 285 washing in PBS as indicated above, cells were stained with a 1 µg/ml solution of the 286
DNA-dye DAPI (Roche) and mounted with Slowfade antifade reagent (Invitrogen). 287
Slides were either stored at -20°C or immediately observed with a DMI4000 microscope 288 (Leica) with a 100X objective (NA 1.4) using a Hamamatsu ORCA-03G camera with an 289 EL6000 (Leica) as light source. Image acquisition was performed using Micro-manager 290 software and images were analysed using ImageJ (National Institutes of Health, 291
Bethesda, MD) 292 293
Motility analyses 294
Volumes of 250µl at 5x10 6 trypanosomes/ml in warm medium were distributed in 24 295 well plates. Samples were analysed under 10X objective of a DM IL LED microscope 296 (Leica) coupled to a DFC3000G camera (Leica). Movies were recorded (200 frames, 50 297 ms of exposure) using LASX Leica software, converted to .avi files and analysed with the 298 medeaLAB CASA Tracking v.5.5 software (medea AV GmbH) 34 . 299
300
TEM analysis of trypanosome samples 301
Cells were fixed with 2.5% glutaraldehyde directly in the suspension culture for 10 min 302 and then treated with 4% paraformaldehyde, 2.5% glutaraldehyde in 0. 
Genetic analyses revealed mutations in LRRC56 339
Autozygosity mapping identified 46 and 33 regions of homozygosity in each proband 340 from Family 1 and 2 respectively (Table S1) The human LRRC56 gene encodes a 542 amino acid protein determined from 357 transcriptomic studies and immunohistochemistry to be expressed in many organs, 358
including lung and respiratory epithelial cells, but mostly in testis and pituitary gland 38 . 359
The protein contains 5 leucine-rich repeat domains conserved across species whose 360 motile cilia are assembled by intraflagellar transport (IFT) 39 LRRC56 is the human 361 orthologue of the Chlamydomonas reinhardtii gene ODA8, which is thought to play a role 362 in the maturation and/or transport of outer dynein arm (ODA )complexes during 363 flagellum assembly, and has a biochemical distribution similar to IFT proteins 39 . ODA8 364 is proposed to function together with two other proteins termed ODA5 and ODA10 to 365 form an accessory complex involved in ODA docking to microtubules 39 . However, 366 evidence for a physical interaction is lacking, and the exact role of ODA8 remains to be 367 defined. To evaluate a possible association of LRRC56 with the multi-subunit IFT 368 machinery, HEK293 cells were co-transfected with human LRRC56 tagged with V5 and 369 the reference IFT protein IFT88 fused to eYFP 13 . Immunoprecipitation using an anti-370 GFP antibody co-precipitated both IFT88-eYFP and LRRC56-V5, supporting an 371 association of LRRC56 with the IFT machinery ( Figure 1D (Figure 2A ). Following division, cells with one flagellum 383 displayed two different profiles: either a strong signal towards the distal end of the 384 flagellum ( Figure 2B ) or no signal (not shown). The first scenario reflects daughter cells 385 that inherited a new flagellum, while the latter reflects those daughter cells that 386
inherited an old flagellum. This observation is consistent with LRRC56 being recruited 387 during flagellar assembly before its removal during flagellum maturation, after cell 388 division. Co-localisation with the IFT protein IFT172, but not with the axoneme marker 389 mAb25 suggests that LRRC56 associates with IFT and not dynein arms. Many, but not 390 all, IFT trains contained LRRC56, suggesting it is a cargo rather than a core component. 391
The LRRC56 signal is lost upon detergent extraction of the cytoskeleton, which strips 392 the membrane and IFT particles but not the dynein arms (data not shown), further 393 supporting association with IFT. in very short flagella, but LRRC56 was rarely detected ( Figure 2C ). However, when IFT 407 arrest took place at later stages of elongation, LRRC56 was frequently found in high 408 concentration always associated with stalled IFT trains ( Figure 2C ). These results 409 reflect the association of LRRC56 as cargo of IFT trains, with a progressive increase 410 during flagellar construction. After 2 days of tetracycline-inducible RNAi knockdown, 411 the LRRC56 is no longer detected in the flagellum (Figure S3A and S3B) . 412 413 LRRC56 localisation was unchanged in DNAI1 RNAi and ODA7 RNAi mutants that are 414 defective in their dynein arm constitution or cytoplasmic preassembly, respectively 415 ( Figure S4 ). This shows that LRRC56 does not require the presence of dynein arms to be 416 associated with flagella. Together, these findings reveal that LRRC56 likely performs an 417 IFT-associated function in motile cilia. 418 419 Absence or mutation of T. brucei LRRC56 is responsible for motility defects 420 explained by absence of outer dynein arms in the distal segment of the axoneme 421
We next chose to assess any impact caused by the absence, or mutation of LRRC56. An 422 LRCC56 null mutant was generated by double gene knockout ( Figure S5A ), and whole-423 genome sequencing demonstrated that the LRRC56 gene had been replaced by the drug 424 resistance cassettes ( Figure S5B ). Visual examination showed a significant reduction in 425 flagellar beating and cell swimming, with ~10% of cells struggling to complete cell 426 division and remaining attached by their posterior extremities ( Figure S5C ). These 427 phenotypes indicate slow cytokinesis and increased generation times which, in 428 trypanosomes, is typical of motility defects ( Figure S5D Overall, our findings underline the evolutionary complexity of outer dynein arms 522 assembly and trafficking. We have shown that bi-allelic mutations in the LRRC56 gene 523 are responsible for laterality defect in two unrelated families. We provide evidence of 524 PCD-like symptoms caused by mutations in a gene encoding a protein required for ODA 525 transport, rather than composition or assembly. Our work expands the list of ciliary 526 genes involved in human disorders 51 , while also providing insight into the role of 527 We wish to thank the families reported here for their willingness to participate in these 543 research efforts. We thank the Ultrastructural BioImaging Plateforme for providing 544 access to the TEM equipment. We thank Bruno Louis and Jean-François Papon, Institut The bottom cell is at a further stage of its cell cycle, yet its new flagellum is much 775 shorter, indicating that RNAi knockdown occurred at a very early phase of construction 776 (star). In these conditions, IFT172 staining shows that the very short flagellum contains 777 a large amount of accumulated IFT material, yet no signal is visible for YFP::LRRC56 778 (star). 779 10 reverse primers. Blue text represents the string used to extract LRRC56-specific reads spanning the exon 6/7 junction. The 2 nucleotides located beyond the red text in each extracted sequence read were interrogated to determine whether the read represent a spliced or unspliced transcript. At least 6.9 million reads were generated per primer combination per sample. Only a small proportion of these were LRRC56-specific, with the 6F/8R primer combination working more effectively than 6F/10R. For the control sample, these represented 0.46% and 0.08% of total reads respectively. The nucleotides located beyond the 3′ end of exon 7 were assayed for the correctly spliced exon 8 sequence (GA) and the ratio of spliced to unspliced transcripts was calculated. In the control sample, 98.4% and 99.9% of detected transcripts were correctly spliced, suggesting the assay was biologically representative. In contrast, 100.0% and 89.16% of reads from the affected subject were unspliced. , IV:1  17  6,115  970,413  964,298  Family 1, IV:1  17  39,081,713  39,165,174  83,461  Family 1, IV:1  18  44,635,048  60,036,083  15,401,035  Family 1, IV:1  19  47,823,038  48,284,025  460,987  Family 1, IV:1  19  57,175, 
